This year's Walter B. Cannon lecture is titled "Is Physiology Redundant?" I chose this title to reflect two divergent definitions of the word redundant. In the first definition, redundant can mean extra, nonessential, or no longer needed. In the 1980s and 1990s, the view that physiology as a discipline was redundant took hold, and many departments of physiology closed, merged, or were refocused and renamed. Frequently, the newly titled department included words like molecular, as in "molecular physiology." It is an over simplification, but the general idea was that integrative physiology was passé, and the frontiers of biology were deep in the cell and its DNA. In this world view, once things were "understood" at a cellular or genetic level, all of the insights not provided by integrative or systems physiology would emerge.
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On a personal note, I was urged in the middle 1980s by the Vice Dean for Student Affairs at my medical school to not pursue a year of physiology research even though the Vice-Dean in question started his professional life as a physiologist. Fortunately for me, my physiology professors at the University of Arizona, including Doug Stuart, Paul Johnson, and others, convinced him otherwise.
In the past 10 or 20 years, increasing evidence has in fact emerged, indicating that physiology as a discipline is essential and not redundant. Observations made in cells or other model systems do not always translate to whole animals and humans. For example, caloric restriction extends the life span of yeast and many simple organisms. It also extends the life expectancy of rodents commonly used in laboratory models of human aging. So far, so good, however, when a wide array of mouse breeds are exposed to caloric restriction, it extends life expectancy in some breeds and reduces it in others (7) . So the idea that there is linear translation of simple mechanisms operating in a cellular model to complex, integrative mechanisms operating in a whole organism is not quite so simple. Similarly, at the dawn of the human genome project, there was an expectation that a limited number of common variants would explain both the risk and pathophysiology of common diseases. This idea has not born much if any fruit (6, 9) . So the question is why not linear translation? Why does it so often happen that molecular mechanisms identified in in vitro models have serious limitations (or are not true at all) when translated into the whole organism?
This brings me to the second definition of redundant as it is frequently used in integrative and systems physiology. The definition I like goes something like this: redundant mechanisms operate to govern the behavior of complex systems. This idea is similar to the idea of redundant safety systems in the design or management of complex human activities like building planes, care of patients in the operating room or intensive care units, or perhaps underground mining. If one safety system fails, then complementary or backup systems are there to ensure that the plane continues to fly, the patient survives, and/or the mine does not collapse.
Examples parallel to the safety story abound in physiology. Perhaps the most widely used example is blood pressure regulation, where a host of local and neural factors integrate the actions of the cardiovascular system and kidney to keep blood pressure within a narrow range, even when one or more elements of the system is less than fully functional (4). Other good examples include temperature regulation, control of breathing and pH during exercise, and whole body glucose homeostasis.
In the case of blood pressure, longterm regulation can be relatively normal in the absence of baroreflexes. Blood pressure regulation can also be relatively normal in severe heart failure when the pumping capacity of the heart is greatly reduced. Additionally, the blood pressure responses to a wide range of physiological challenges are also essentially normal when most of the baro-sensitive areas of the cardiovascular system are destroyed.
At some level, redundancy explains why many knockout models of key molecular pathways do not do that much to the overall phenotype of the animal.
Redundant mechanisms pick up the slack and keep things relatively normal. This is not surprising if one considers simple physiological observations made before the knockout era about the effects of cardiac denervation in racing greyhounds or ␤-blockade in human athletes (2, 5) . In both cases, the relative inability to increase heart rate during exercise limits exercise capacity far less than would be predicted based on the reductions in heart rate because other mechanisms allow cardiac output and oxygen extraction to rise during exercise.
The concept of physiological redundancy also explains why the "common variant-common disease" hypothesis has not borne fruit. A single hit to a single pathway can easily be masked by the compensatory actions of other systems. A single hit can also be masked by a host of behavioral factors (11) . For example, a number of genetic models of the metabolic syndrome in rodents used to study obesity, diabetes, and other energy pathway problems do not show the phenotype when the animals are allowed access to voluntary running wheels (7) . So what is being studied, the genetics of disease or the genetics of inactivity? There are parallel observations in humans. Gene variants associated with higher levels of BMI are not associated with higher levels of BMI in physically active individuals and populations (10) . To take the human situation one step further, ideas about social contagion and the influence of our friends on things like our body weight appear to be much stronger than any genetic variants identified so far (1). Perhaps the next big science initiative should be a "who-you-know-ome."
So where does all of this lead? The first conclusion is that physiology as a discipline is not redundant. I would argue that our field holds the intellectual keys to the kingdom in terms of understanding how a huge number of mechanisms operating at the genetic, molecular, and cellular level generate phenotypes of interest (3) . In this regard, perhaps the most important is the idea of redundancy as it applies to the many frequently overlapping ways that essential physiological functions are governed and how whole animals adapt to their environments and social circumstances. Ⅲ
